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Search for single-molecule magnets with large magnetic anisotropy energy (MAE) is essential for the devel-
opment of molecular spintronics devices used at room temperature. Through systematic first-principles calcu-
lations, we found that an Os-Os or Ir-Ir dimer embedded in the (5,5′-Br2-Salophen) molecule gives rise to large
MAE of 41.6 or 51.4 meV which is large enough to hold the spin orientation at room temperature. Analysis of
electronic structures reveals that the top Os and Ir atoms are most responsible for the spin moments and large
MAEs of the molecules.
Single-molecule magnets (SMMs) provide discrete molec-
ular spin states that can be used as quantum bits of informa-
tion for storage, sensing and computing, which has inspired
extensive interest in the context of next-generation data stor-
age and communication devices [1, 2], opening avenues for
developing multifunctional molecular spintronics [3–5]. Such
ideas have been researched extensively, using SMMs as local-
ized spin-carrying centers for storage and for realizing logic
operations [6]. Typical SMMs consist of organic networks
and transition-metal (TM) atoms embedded in the organic net-
works. The electronic and magnetic properties of SMMs can
be conveniently tuned by selecting appropriate organic net-
works, TM atoms or substrates [7–9]. However, the devel-
opment of molecular spintronics devices for practical appli-
cations is obstructed by the low blocking temperatures (TB)
which denotes the threshold of temperature for withholding
thermal fluctuations of spin orientations [4–6]. Fundamen-
tally, TB scales with the magnetic anisotropy energy (MAE),
and TB of typical SMMs with 3d TM atoms is less than 10
K (or equivalently, MAE 1 meV) [9–14]. To hold the spin
orientation of SMMs at room temperature for spintronics ap-
plications, it is crucial to find SMMs with MAE larger than 30
meV [15].
It is known that the MAE originates from the spin-orbit
coupling (SOC) [16, 17]. Hence, the potential candidates of
SMMs are necessary to contain 4d or 5d TM atoms that pos-
sess large SOC constants. Recently, DiLullo et al. synthesized
Co-(5,5′-Br2-Salophen) molecule successfully on Au(111)
surface and studied the intriguing molecular Kondo effect
[18]. This molecule has planar atomic structure with a triangle
shape [see the inset in Fig. 1(a)], so it is convenient to build
molecular junctions with this molecule. The simple synthesis
progress ensures the possibility to obtain same structure with
4d and 5d TM atoms. Therefore, it is interesting to investi-
gate the magnetic properties of these TM-(5,5′-Br2-Salophen)
molecules (denoted as TM@Sal) to find possible candidates
with large MAE.
In this paper, we studied the electronic and magnetic prop-
erties of the (5,5′-Br2-Salophen) molecule with a TM atom or
TM dimer embedded, based on first-principles calculations.
Although the MAEs of the TM@Sal molecules are small, the
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dimerization of two TM atoms results in significant enhance-
ment of the MAEs. An Os-Os or Ir-Ir dimer embedded in the
(5,5′-Br2-Salophen) molecule possesses large MAE of 41.6 or
51.4 meV which is large enough to guarantee these molecules
for applications in molecular spintronics devices at room tem-
perature. Analysis of the electronic structures reveals that the
large MAEs originate from specific SOC effect in top Os and
Ir atoms.
First-principles calculations were carried out with the Vi-
enna ab-initio simulation package [19, 20]. The interac-
tion between valence electrons and ionic cores was described
within the framework of the projector augmented wave (PAW)
method [21, 22]. The spin-polarized generalized-gradient ap-
proximation (GGA) was used for the exchange-correlation po-
tentials [23]. The energy cutoff for the plane wave basis ex-
pansion was set to 400 eV. The atomic positions were fully
relaxed using the conjugated gradient method until the force
on each atom is smaller than 0.01 eV/Å. The MAE is defined
as: MAE = E‖ − E⊥, where E‖ and E⊥ denote the energies of
in-plane and perpendicular spin orientations wit respective to
the molecular plane, respectively. We used the torque method
to calculate the MAEs of the TM@Sal molecules [24, 25].
We constructed a series of TM@Sal molecules and opti-
mized the atomic structures. Due to the constraint of the
organic network [see the inset in Fig. 1(a)], the TM-O and
TM-N bond lengths vary little (1.9 ∼ 2.1 Å), even though the
atomic radii are different much from 3d to 5d TM atoms. It
can be seen from Fig. 1(a) that all the considered TM@Sal
molecules are spin polarized. The largest spin moment (MS )
of 4 µB is on Cr@Sal. However, its 4d and 5d counterparts
possess smaller MS of 2 µB, mainly due to the smaller ex-
change field in 4d and 5d TM atoms than in 3d TM atoms.
Similar situation exists in the V group, where the MS of
V@Sal is 3 µB and that of Nb@Sal and Ta@Sal is 1 µB. For
the Mn, Fe and Co groups, the 4d and 5d TM atoms result in
same MS as their 3d counterparts. Furthermore, we found that
the spin moments of all TM@Sal molecules are mainly con-
tributed from the TM atoms. Take Os@Sal for example, the
Os atom in Os@Sal contributes about 1.6 µB to the total MS ,
while the two O atoms also have visible contribution of about
0.3 µB, as shown by the spin density in the set of Fig. 1(b).
To further explore the electronic and magnetic properties,
we calculated the projected density of states (PDOS) of 5d
orbitals in Os@Sal and Ir@Sal as plotted in Fig. 2. First
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FIG. 1. (Color online) (a) Spin moment (MS ) and (b) magnetic
anisotropy energy (MAE) of TM@Sal. The inset in (a) shows the
top view of the atomic structure. The grey, blue, red, white, brown
and golden spheres stand for C, N, O, H, Br and TM atoms, respec-
tively. The inset in (b) shows the spin density of Os@Sal: ρs = ρ↑−ρ↓
with cutoff of ±0.01 eV/Å3. The pink and green isosurfaces indicate
the majority and minority spin densities, respectively.
of all, the dxy orbital are unoccupied and its energy level are
far above the Fermi level (EF), due to the strong repulsion
along the TM-O and TM-N bonds. The dyz and dz2 orbitals
are fully occupied, so they do not contributed to the total MS .
For Os@Sal, the dxz and dx2−y2 orbitals are half occupied, with
the majority spin states occupied and the minority spin states
unoccupied, so each of them contributes 1 µB to the total MS .
Consequently, the total MS of Os@Sal is 2 µB. For Ir@Sal,
the minority spin state of dx2−y2 is further occupied, because
the Ir atom has one more electron than the Os atom. As a
result, the total MS of Ir@Sal reduces to 1 µB.
Then we calculated the MAEs as plotted in Fig. 1(b). It can
be seen that the Cr group of TM@Sal molecules have posi-
tive MAE, but the amplitude are quite small (< 0.6 meV). The
MAEs of the other molecules are negative. In the V group,
V@Sal has larger MAE than the other two molecules. In the
Mn, Fe and Co groups, the magnitudes of the MAEs of the 5d
TM@Sal molecules are significantly larger than those of their
3d and 4d counterparts. In particular, the MAE of Ir@Sal
is -12.4 meV, which implies the strong SOC effect in this
molecule. However, large positive MAE is desired for practi-
cal applications in molecular spintronics devices, because the
perpendicular spin orientation is easier to detect and control
than the in-plane spin orientation.
The MAE originates from the SOC effect which has both
perpendicular (positive) and in-plane (negative) contributions.
The final MAE is the result of the competition between per-
pendicular and in-plane contributions, which can be expressed
approximately in terms of matrix elements of angular momen-
tum operators Lx and Lz based on the second-order perturba-
-30
-20
-10
0
10
20
30
xy
yz
z2xz
x2
-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0-30
-20
-10
0
10
20
Pr
oj
ec
te
d 
de
ns
ity
 o
f s
ta
te
s (
st
at
es
/e
V
) 
E - EF (eV) 
(a) 
(b)   
-30
-20
-10
0
10
20
30
xy
yz
z2xz
x2
-2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0-30
-20
-10
0
10
20
PDOS of Os and Ir in TM-Salophen 
FIG. 2. (Color online) Projected density of states of the 5d orbitals
in (a) Os@Sal and (b) Ir@Sal molecules, respectively. The vertical
dashed line indicates the Fermi level (EF).
tion theory [15]
MAE = ξ2
∑
uoαβ
(−1)1−δαβ
[ | 〈uα|Lz|oβ〉|2 − | 〈uα|Lx|oβ〉|2
εuα − εoβ
]
. (1)
Here ξ is the SOC constant; εuα and εoβ are eigenvalues of
unoccupied states with spin α (|uα〉) and occupied states with
spin β (|oβ〉, respectively. Obviously, the MAE can be further
divided into three parts based on the spins (α and β) in the
equation: (i) MAE(uu) contributed from the coupling between
the majority spin states; (ii) MAE(dd) contributed from the
coupling between the minority spin states; (iii) MAE(ud) con-
tributed from the coupling between different spin channels.
From the PDOS in Fig. 2, we found that the MAEs of both
Os@Sal and Ir@Sal are dominated by the minority spin states,
i.e. MAE(dd), while the MAE(uu) and MAE(ud) are negligi-
ble. This is because the majority spin orbitals are fully occu-
pied, so that they do not contribute to the MAE. Further anal-
ysis reveals that the coupling between dux2−y2 and d
o
yz through
Lx operator,
〈
dux2−y2
∣∣∣∣Lx∣∣∣∣doyz〉, is responsible for the MAE(dd)
of Os@Sal, while
〈
duxz
∣∣∣∣Ly∣∣∣∣doz2〉 contributes most MAE(dd) of
Ir@Sal.
In the growth progress of the TM@Sal molecules, it is pos-
sible for an extra TM atom to attach the molecule. The dimer-
ization of the TM atoms changes the energy diagram of the
molecule, hence changes the MAE as indicated in Eq. (1).
Previous studies indeed revealed that the dimerization of two
TM atoms results in large MAEs [15, 26]. Therefore, we stud-
ied the (5,5′-Br2-Salophen) molecules with 5d TM dimer em-
bedded in the organic network, denoted as TM2@Sal as dis-
played in Fig. 3. After relaxation of the atomic structures,
the bottom TM atom is pulled out of the molecular plane by
about 0.5 Å. The TM-TM bond lengths vary from 2.1 to 2.5
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FIG. 3. (Color online) (a) Binding energy between the top TM atom
and TM@Sal molecule. (b, c) Spin moment and magnetic anisotropy
energy of TM2@Sa. The inset shows the top view of the atomic
structure. The grey, blue, red, white, brown and golden spheres stand
for C, N, O, H, Br and transition-metal atoms, respectively.
Å. To see the possibility of dimerization, we firstly calculated
the bind energies as
Eb = E(TM) + E(TM@S al) − E(TM2@S al), (2)
where E(TM), E(TM@Sal) and E(TM2@Sal) are the total en-
ergies of free TM atom, TM@Sal molecule and TM2@Sal
molecule, respectively. As plotted in Fig. 3(a), the bind en-
ergies of all the 5d TM2@Sal molecules are quite large, im-
plying that the binding between the two TM atoms are very
strong. So there is large chance to obtain TM2@Sal molecules
with standard synthesis progress [18].
Fig. 3(b) displays the total MS of the 5d TM2@Sal
molecules. The MS of the Ta2@Sal molecule is 4 µB, while
those of all other 5d TM2@Sal molecule are 2 µB. However,
the local spin moments of these molecules are different. The
two TM atoms in W2@Sal and Re2Sal couple with each other
antiferromagnetically, with local spin moments of ∼ 2.2 and
∼ −0.2 µB on the top and bottom TM atoms respectively. For
Os2@Sal, the bottom Os atom has small local spin moments
of ∼ 0.05 µB, while the local spin moment is ∼ 1.8 µB on the
top Os atom. In addition, some anion atoms have small contri-
bution of ∼ 0.02 µB, which leads to a delocalized distribution
of the spin density of Os2@Sal as presented by the inset in Fig.
4. For Ir2@Sal, on the other hand, the local spin moments on
the top and bottom Ir atoms are ∼ 1.65 and ∼ 0.30, respec-
tively, contributing almost the whole MS of the molecule, so
the distribution of the spin density is quite localized as shown
in the inset in Fig. 5.
The MAEs of the 5d TM2@Sal molecules are shown in
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FIG. 4. (Color online) Projected density of states of the 5d orbitals
in Os2@Sal for the (a) bottom Os and (b) top Os atoms. The verti-
cal dashed line indicates the Fermi level (EF). The inset shows the
spin density of Os2@Sal with cutoff of ±0.01 eV/Å3. The pink and
green isosurfaces indicate the majority and minority spin densities,
respectively.
Fig. 3(c). Interestingly, the amplitudes of all the MAEs are
large. The MAEs of Ta2@Sal, Os2@Sal and Ir2@Sal are
10.3, 41.6 and 51.4 meV, respectively. The later two MAEs
are large enough to hold the spin orientation perpendicular
to the molecular plane at room temperature, so the Os2@Sal
and Ir2@Sal molecules are promising for practical applica-
tions in molecular spintronics devices. Interestingly, the MAE
of Ir2@Sal is comparable to that of linear Ir-Ir and Ir-Cr
nanowires [27]. However, the linear Ir-Ir and Ir-Cr nanowires
are more delicate to control, and large tensile strain is neces-
sary for the linear Ir-Ir nanowire to possess large MAE. There-
fore, SMMs such as Os2@Sal and Ir2@Sal are more promis-
ing for the sake of practical applications. On the other hand,
the MAEs of W2@Sal and Re2@Sal are -49.3 and -64.7 meV,
respectively. Clearly, the amplitudes of both MAEs are also
large but with negative sign, indicating that the correspond-
ing molecules prefer in-plane spin orientation. Therefore, the
W2@Sal and Re2@Sal molecules are less favorable for appli-
cations.
To reveal the origin of the giant positive MAEs in Os2@Sal
and Ir2@Sal, we plotted their PDOS of the 5d orbitals of Os
and Ir atoms in Fig. 4 and Fig. 5. Compared to Fig. 2, we can
see that the PDOS of the bottom Os and Ir atoms are modified
significantly, due to the strong interaction between the top and
bottom TM atoms of the TM dimers. The strongest hybridiza-
tion occurs between the dz2 orbitals of the top and bottom TM
atoms, resulting in large energy separation between the bond-
ing states and antibonding states (> 5 eV). The hybridization
between the dxz/yz orbitals are also strong. The interaction be-
tween the dx2−y2 orbitals is relatively week, so that the energy
separation is small (∼ 1 eV). The dxy orbital of the bottom
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FIG. 5. (Color online) Projected density of states of the 5d orbitals
in Ir2@Sal for the (a) bottom Ir and (b) top Ir atoms. The vertical
dashed line indicates the Fermi level (EF). The inset shows the spin
density of Ir2@Sal with cutoff of ±0.01 eV/Å3. The pink and green
isosurfaces indicate the majority and minority spin densities, respec-
tively.
TM atoms keeps unoccupied, due to the repulsion from the
nearby N and O atoms. On the contrary, the dxy orbital of
the top TM atoms is occupied in both majority and minor-
ity spin channels. Moreover, it can be seen from Fig. 4 and
Fig. 5 that the total spin moments of these molecules are con-
tributed from the dyz and dx2−y2 orbitals and locates mainly on
the top TM atoms. Therefore, the MAEs of these molecules
are dominated by the top TM atoms. Based on Eq. (1), we
identified that the coupling of
〈
dux2−y2
∣∣∣∣Lz∣∣∣∣doxy〉 of the top Os
atom in the minority spin channel is most responsible for the
giant positive MAE of Os2@Sal. For Ir2@Sal, the couplings
of
〈
dux2−y2
∣∣∣∣Lz∣∣∣∣doxy〉 and 〈duxz∣∣∣Lz∣∣∣doyz〉 are the leading contribution
to the MAE.
In summary, we studied the electronic and magnetic prop-
erties of the TM@Sal and TM2@Sal molecules, based on
first-principles calculations. It was found that the MAEs of
the TM@Sal molecules are small and mostly negative. In-
terestingly, the dimerization of two TM atoms in a TM2@Sal
molecule results in significant enhancement of the MAE. In
particular, the Os2@Sal and Ir2@Sal molecules possess giant
MAEs of 41.6 and 51.4 meV, respectively. Analysis of the
electronic structures reveals that both the spin moment and
large MAE are dominated by the specific SOC effect in top
Os and Ir atoms. Such large MAEs guarantee these molecules
to be used in molecular spintronics devices at room tempera-
ture.
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